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Abstract 

The unique feature of mitochondrial complex I is the so-called A/D transition (active-deactive transition). The 
A-form catalyses rapid oxidation of NADH by ubiquinone (/r ^1 0"* min " ^ ) and spontaneously converts into the 
D-form if the enzyme is idle at physiological temperatures. Such deactivation occurs in vitro in the absence 
of substrates or in vivo during ischaemia, when the ubiquinone pool is reduced. The D-form can undergo 
reactivation given both NADH and ubiquinone availability during slow (/r ^1-1 0 min " ^ ) catalytic turnover(s). 
We examined known conformational differences between the two forms and suggested a mechanism 
exerting A/D transition of the enzyme. In addition, we discuss the physiological role of maintaining the 
enzyme in the D-form during the ischaemic period. Accumulation of the D-form of the enzyme would 
prevent reverse electron transfer from ubiquinol to FMN which could lead to superoxide anion generation. 
Deactivation would also decrease the initial burst of respiration after oxygen reintroduction. Therefore 
the A/D transition could be an intrinsic protective mechanism for lessening oxidative damage during the 
early phase of reoxygenation. Exposure of Cys^^ of mitochondrially encoded subunit ND3 makes the D- 
form susceptible for modification by reactive oxygen species and nitric oxide metabolites which arrests the 
reactivation of the D-form and inhibits the enzyme. The nature of thiol modification defines deactivation 
reversibility, the reactivation timescale, the status of mitochondrial bioenergetics and therefore the degree 
of recovery of the ischaemic tissues after reoxygenation. 



introduction 

Production of energy in most aerobic cells is provided 
by the combined action of the mitochondrial respiratory 
chain and ATP synthase. Reducing equivalents from pyridine 
nucleotides (NADH) generated in several catabolic pathways 
are routed into the energy-converting respiratory chain via 
so-called complex I or NADH:ubiquinone oxidoreductase. 
This enzyme catalyses the oxidation of matrix NADH by 
membrane ubiquinone and is the major entry point for 
electrons into the respiratory chain. Unlike the 14-subunit 
prokaryotic enzyme, mitochondrial complex I contains 
approximately 30 additional so-called accessory subunits, 
many with still unknown functions. All known redox 
centres of this enzyme (FMN and FeS clusters) are located 
within core subunits in the hydrophilic domain of the 
enzyme, whereas proton translocation is carried out by 
several Na+/H+ antiporter-like subunits. Recent progress 
in structural studies [1,2] has led to significant improvements 
in the understanding of the coupling mechanism of this 
enzyme [1,3], whereas many aspects of regulation are still 
not completely understood. Dysfunction of complex I was 
found to correlate with a number of clinical conditions 
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such as Leber's optic neuropathy, neuromuscular disorders, 
Parkinson's disease and the process of aging. 

The unique property of the mitochondrial enzyme 
from several vertebrate species is the so-called A/D 
transition (active-deactive transition) [4,5]. In mammals, 
the catalytically competent A-form of the enzyme operates 
at physiological temperatures (>30°C) when substrates are 
available (k ^10"^ min~^). When the enzyme is idle, it 
spontaneously converts into the dormant D-form. This form 
can potentially undergo reactivation given the availability 
of both substrates (NADH and ubiquinone). As a result 
of slow (k '^I-IO min~^) catalytic turnover(s), the D-form 
is converted back into the A-form and this process can 
be significantly slowed by the presence of fatty acids (in 
conjunction with Ca^ + ) and by alkaline pH [6,7]. 



Structural differences between A- and 
D-forms of complex I 

In spite of observed heterogeneity of mitochondrial complex 
I in the pioneering work of Estabrook and co-workers [8], 
very little is known about structural differences between the 
A- and the D-form of the enzyme. It was first established 
that upon thermal treatment (37°C), the NADH oxidase 
activity of the enzyme in SMP (submitochondrial particles) 
could be inhibited by thiol-group-specific reagents and this 



The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.Org/licenses/by/3.0/) 
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 



1326 



Biochemical Society Transactions (2013) Volume 41, part 5 



sensitivity was eliminated by incubation with substrates [9]. 
Later, the existence of the A- and the D-form was postulated 
for the enzyme in SMP and preparation of isolated complex 
I [10]. It is important to note that no differences in the 
polypeptide composition between the A- and the D-form of 
enzyme was later found [1 1,12], indicating that the sensitivity 
of the D-form is associated with the exposure of the 
cysteine-containing domain of known complex I subunit(s). 
To identify this subunit, Gavrikova and Vinogradov [11] 
used N-fluorescein maleimide to label the cysteine residue(s) 
that becomes exposed after deactivation of the enzyme in 
SMP. The conformation-specific labelling revealed a strong 
increase in fluorescence intensity in the region of 15 kDa 
only in the D-form. Using membrane-permeant [NEM 
(N-methylmaleimide)] and -impermeant [5,5'-dithiobis-(2- 
nitrobenzoic acid)] reagents, it was found that the critical 
cysteine residue accessible for chemical modification in the 
D-form was located at the matrix side of the enzyme [13]. 
This thiol group has subsequently been identified as Cys^^ of 
the mitochondrially encoded subunit ND3 (Nqo7/NuoA) 
and is accessible only in the D-form of complex I [12]. 
This residue is indeed oriented towards the matrix and 
located in the hydrophilic loop connecting the second and 
third transmembrane segments of the ND3 subunit [12] 
(Figure lA). Moreover, several pathogenic mutations close 
to Cys^^ were found, indicating the importance of this region 
for complex I function [14-16]. 

Cys^^ of ND3 is highly conserved among eukaryotes 
(conserved to 99% over 108 sequences) (Figure IB). The 
corresponding prokaryotic Nqo7 subunit from Paracoccus 
denitrificans and NqoA from Rhodohacter capsulatus 
contains a homologue of the cysteine residue, whereas in 
Escherichia coli and Thermus thermophilus, it is replaced by 
serine. Composed of more than 40 subunits, the eukaryotic 
enzyme in vertebrates, such as cow [10], rat [17], mouse [18], 
chicken, frog and carp [5] displays the A/D transition as 
well as the 37-39-subunit complex I from fungi [5]. Despite 
the occurrence of the cysteine residue, the bacterial complex 
I from P. denitrificans and enzyme from non-vertebrate 
organisms, such as earthworm (Lumbricus terrestris), lobster 
{Homarus americanus) and cricket {Acheta domesticus), does 
not manifest patterns of the A/D transition [5]. Therefore the 
presence of this unique cysteine residue in the ND3 sequence 
does not correlate with the apparent ability of complex I to 
undergo the A/D transition (Figure IB). 

The fact that the A/D transition has a high activation 
energy [10] favours the idea of significant conformational 
changes upon deactivation. It has been reported that at least 
one other subunit might be involved in the A/D transition 
process. Indeed, the disruption of the 29.9 kDa subunit in 
Neurospora crassa (B13 in the bovine enzyme) led to a 
lower rate of thermal deactivation of complex I [19]. This 
hydrophilic subunit is well conserved from mammals to 
plants and fungi, but the function of B13 remains unknown. 

Recently, using a 6.8 A (1 A = 0.1 nm) het- 
erobifunctional cross-linker, SPDP (succinimidyl 3-(2- 
pyridyldithio)propionate], we demonstrated that ND3 was 



closely located to the 39 kDa subunit (NDUFA9) in the D- 
form of complex I in SMP [20]. These two subunits formed 
a cross-linked product only in the D-form of the enzyme, 
and not in the A-form. This finding indicates that, upon 
deactivation, the position of Cys^^ changes and it can be cross- 
linked to one of the lysine residues of the 39 kDa subunit 
in the vicinity. The latter is one of the accessory subunits 
from the family of heterogeneous short-chain dehydro- 
genase/reductases and contains a non-covalently bound 
NADPH molecule [21,22]. Therefore the 39 kDa subunit 
can be positioned at the interface between the membrane 
part and the hydrophilic part of complex I very close to the 
region of enzyme which is involved into A/D transition. This 
corresponds to the location of that subunit suggested for the 
isolated bovine enzyme [23,24]. Deletion of this subunit in 
yeast significantly destabilizes the complex I structure [21]. 

A close physical proximity of ND3 with 49 kDa (Nqo4) 
and PSST (Nqo6) subunits in 7^ denitrificans has been proved 
biochemically [25] and confirmed after resolution of the 
structure of the entire complex I from T. thermophilus [1]. 
Subunits PSST and 49 kDa are involved in the formation 
of terminal FeS cluster N2 and, along with ND3 and 
NDl, form a sealed quinone-binding cavity away from the 
membrane bilayer. The first transmembrane segment of ND3 
is located in between two transmembrane segments of NDl 
(Nqo8/NuoH) (Figure lA). In the T. thermophilus enzyme, 
the hydrophilic loop containing Ser"^^ of Nqo7 (Cys^^ in 
ND3) is part of the seal for the quinone-binding cavity 
[1]. Thus the hydrophilic interhelical loop of ND3 is a 
part of a crucial region where the energy of the redox 
reaction is transduced into conformational^ driven proton 
translocation across the membrane part of the enzyme, 
probably via antiporter-like subunits [1]. The relocation 
of the hydrophilic part of ND3 upon deactivation of the 
mammalian enzyme could lead to a change in the quinone 
chamber, affecting interaction of the quinone headgroup 
with its binding site [1]. Partial opening of the well-sealed 
electron-transport pathway within the enzyme may explain 
the increased rate of ROS (reactive oxygen species) formation 
by the D-form of the enzyme [18,26]. 

The exact molecular mechanism exerting the A/D trans- 
ition is unknown. One possibility is that a conformational 
change resulting in exposure of the critical Cys^^ of ND3 
involves other accessory subunits of the eukaryotic enzyme in 
the vicinity, e.g. 39 kDa subunit or B13 [19,20]. Alternatively, 
movement of the loop itself exerts the A/D conformational 
changes of complex I. In the bovine ND3 subunit, this 
loop is composed of 27 amino acids. Together with two 
proline residues that are located at the interface between the 
transmembrane helices, two to three other proline residues 
are found to be well-conserved in vertebrates (Figure IB). 
Peptidylprolyl cis-trans isomerization has emerged as a 
conformational switch regulating processes such as ion 
channel gating [27] and protein domain movement ([28], 
and see [29] for review). It would be tempting to speculate 
that local bond rearrangement at the 'hinge' point could 
propagate through the protein backbone and would result 
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Figure 1 1 Location of the hydrophilic loop of Nqo7 subunit (T. thermophilus [1]), shown in blue, which is homologous with 
mitochondrially encoded subunit ND3 

(A) The Ser^^ homologue of Cys^^ of ND3 is shown in purple and proline residues are shown in cyan. Note that this loop is 
located in close proxinnity to the quinone-binding site and ternninal cluster N2. (B) Partial alignnnent of the homologues of 
ND3. Hydrophilic loop containing the critical Cys^^ is shown in a box. 
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in opening/closing of the flap formed by the loop. The 
isomerization is a slow reaction with an activation energy 
of approximately 100 kj/mol occurring within the minute 
timescale [29] which corresponds to known parameters of 
A/D transition [10]. Introduction of negative charge as a 
result of deprotonation of the functional group close to the 
critical isomerizing proline residue significantly decelerates 
rotation of the imide bond and could explain the decrease 
in activation rate of complex I at higher pH [7]. Therefore 
the A/D transition would be regarded as an equilibrium 
between cis and trans isoforms of critical proline(s) in the 



hydrophilic loop of ND3. The energetically more stable 
trans prolyl bond could be adopted in the D-form, whereas 
isomerization results in closing of the flap and sealing of the 
quinone-binding cavity. On the other hand, conformational 
change induced by trans/ cis proline isomerization in the 
hydrophilic loop affecting the position of the membrane helix 
or helices of ND3 cannot be excluded. The presence in the 
mitochondrial matrix of specific peptidylprolyl isomerases 
such as cyclophilin D, suggested to be associated with 
complex I [30], could be an important factor modulating the 
kinetics of the A/D transition in situ. 
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Figure 2 | Time-course of de-activation of mitochondrial complex I 
in rat heart (A) and brain (B) tissue after cardiac arrest 

Percentage of the D-form in samples was deternnined as described in 
[18]. 
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Physiological effect of the A/D transition 

The physiological role of the A/D transition is still under 
discussion. Under conditions when the respiratory rate is 
decreased, e.g. at limited O2 concentration (or metabolic 
hypoxia [31]), the respiratory chain is reduced due to the 
slowing down of cytochrome c oxidase. As a result, the 
turnover of complex I becomes limited because of the lack of 
the electron acceptor ubiquinone. In this situation, the steady- 
state equilibrium in the A^D reaction would be shifted to 
the right, and complex I in highly metabolizing tissues such 
as heart or brain would be readily converted into the D-form 
in a minute timescale [18,32] (Figure 2). In the Langendorf rat 
heart model and mouse infarction model, reperfusion results 
in the return of complex I A/D equilibrium to its initial level, 
indicating that reintroduction of oxygen causes reactivation 
of the D-form of the enzyme [18,32]. 

Therefore the A/D transition is a natural adaptive 
mechanism mediating mitochondrial response to hypoxia. In 
this section, we discuss several views on the role of the A/D 
transition of complex I. 

(i) Initially, deactivation was considered as special mech- 
anism preventing proton leakage to the mitochondrial matrix 
from the intermembrane space through the idle enzyme and 
decrease in protonmotive force [33]. However, later, it was 



found that the D-form of the enzyme in submitochondrial 
particles is still able to translocate protons during NADH 
oxidation by hydrophilic short-chain quinone analogues [34]. 

(ii) Recently, potential Na + /H+ antiporter activity was 
elegantly demonstrated for the D-form of bovine complex I 
in a reconstituted system and SMP [35]. There is a significant 
rise in intracellular Na+ concentration in cytoplasm upon 
oxygen deprivation [36]. It was suggested that the Na+ /H + 
exchange catalysed by the D-form accumulated during the 
ischaemic period and can contribute to the protection of 
mitochondrial ion balance [35]. However, on the basis of the 
redox-dependent proton-pumping mechanism proposed for 
complex I [1,3], the Na+ movement through the enzyme 
antiporter-like subunits is likely to operate via a different 
route for which the details are still not known. Moreover, 
it was demonstrated that increased Na+/H+ exchange 
in ischaemia leads to mitochondrial damage [37] and 
inhibition of antiporter activity protects mitochondria during 
reperfusion or attenuates oxidative stress in cardiomyocytes 
[38,39]. Decreased rates of overall Na + /Ca^+ exchange 
shown in mitochondria from ischaemic heart samples also 
suggest a decrease and not an increase in Na^ /H+ exchange 
across the inner membrane when oxygen is lacking [40]. The 
role of mitochondria in regulating Na+ concentration in 
cytosol in ischaemia is not completely understood at present 
and more research is needed to elucidate the involvement of 
complex I in Na+ balance during ischaemia. 

(iii) In ischaemia/reperfusion models, diminution of 
respiratory activity during reoxygenation would protect 
mitochondria from irreversible damage [41,42]. Therefore it 
is possible that slow activation of the D-form upon tissue 
reoxygenation may function as a protective valve and reduce 
the burst of respiration and consequent ROS production 
at the level of complex I or downstream sites. In addition, 
deactivation of the enzyme could prevent superoxide anion 
generation from the reduced flavin since the D-form does not 
catalyse reverse electron transfer from ubiquinol to FMN [7]. 

(iv) As shown previously, in tissues ex vivo [18,32] (but 
not in cells [43]), a significant fraction of the enzyme (5- 
15%) was found to be in the D-form at the physiological 
O2 concentration (Figure 2). Therefore, in situ, part of the 
energy released during steady-state NADH oxidation is used 
to maintain the catalytically competent A-state of the enzyme 
as suggested previously [4]. Maintenance of the fraction of 
complex I in the D-form would allow fast responses to 
changes in conditions such as a reductive pressure, ATP 
demand and oxygen availability by analogy with the well- 
known phenomenon of excess capacity of cytochrome c 
oxidase [44-46]. Therefore the A/D transition could be one of 
the mechanisms for fine-tuning enzyme activity in different 
tissues [5,1 8,47,48] . The time course of complex I deactivation 
after cardiac arrest reveals a much higher A/D transition rate 
in brain compared with heart tissue (Figure 2) and might 
explain the greater vulnerability of complex brain functions 
to oxygen deprivation. 

Exposure of Cys^^ in the D-form [11,12,49] can be 
very important in various pathological scenarios. Sensitivity 
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of the D-form of complex I to covalent modification 
led to the proposal of possible regulation of enzyme 
activity via thiol-reactive natural effectors such as the GSH- 
GSSG couple [4]. Although no sensitivity of the D-form 
of the enzyme to reduced or oxidized glutathione was 
found in in vitro experiments [13,48], only the D-form 
of complex I was susceptible to inhibition by nitric oxide 
metabolites [48,49] and ROS [18]. Oxidation of Cys^^ 
of ND3 in the D-form by H2O2 results in irreversible 
inhibition of the enzyme [18]. It was found recently 
that S-nitrosation of Cys^^ of ND3 by mitochondrially 
targeted nitrosothiol MitoSNO protects cardiac tissue during 
ischaemia/reperfusion in mice in vivo [49]. Modification of 
cysteine thiols in situ depends on particular biochemical 
conditions that an attacking group could encounter: redox 
environment and hydrophobicity surrounding the target 
thiol, pH, ion composition, nitric oxide/02 ratio and activity 
of enzymes mediating action of ROS and nitric oxide 
metabolites [50]. These conditions could vary significantly 
during oxygen deprivation in tissues. The magnitude of 
such modification of complex I is not clear at present. 
Prolonged exposure of the D-form of the enzyme to low 
steady-state levels of endogenous thiol-reactive molecules 
such as H2O2, S-nitrosoglutathione or peroxynitrite would 
lead to modification of some fraction of the enzyme. S- 
nitrosation of the ND3 subunit is reversible, probably via 
reduction by glutathione and thioredoxin systems [49], but 
nitration or oxidation is irreversible at the timescale of the 
ischaemia/reperfusion process (tens of minutes). Depending 
on the nature of modification, the fraction of the modified 
enzyme would gradually increase over time. Taking into 
account the high degree of flux control of complex I over 
oxidative phosphorylation [51,52], elimination of even a 
small fraction of the enzyme may lead to a significant 
decrease in ATP production by mitochondria, although no 
apparent effect is observed on activity of the respiratory 
chain [53]. Such modification of the D-form would result 
in the emergence of a mitochondrial population with altered 
ATP-generating capacity/ionic balance. Depending on the 
timeframe of the process and the size of such a population, 
recovery of the ischaemic tissues after reperfusion could be 
significantly affected. 

Conclusion 

At a structural level, the mechanism of A/D conformational 
changes of eukaryotic complex I remains unclear, as its driving 
force and the involvement of accessory subunits are still 
unknown. It is very likely that the 39 kDa subunit is also 
involved in conformational changes upon deactivation. 

Our observations suggest that accumulation of the D- 
form of the enzyme takes place in highly metabolizing tissues 
during ischaemia. A/D transition can be considered a natural 
intrinsic mechanism providing diminution of activity of the 
respiratory chain during the initial phase of reoxygenation 
and would protect mitochondria from irreversible damage. 
Cys^^ of the ND3 subunit, exposed in the D-form, is 



susceptible to covalent modification by ROS and nitric 
oxide metabolites. It is possible that the accumulated D- 
form can react with natural effectors in mitochondria or 
with pharmacological agents during periods of hypoxia 
or reoxygenation, modulating the process of reactivation of 
the enzyme and outcome of ischaemia/reperfusion. 



Acknowledgements 

We are grateful to Professor Amy Andreotti and Professor Andrei 
Vinogradov for valuable discussion and Ms Annanda Birch for help in 
the preparation of the paper. 



Funding 

This work was supported by the Medical Research Council [New 
Investigator Research Grant number G1100051 (to A.G.)]. 



References 

1 Baradaran, R., Berrisford, J.M., Minhas, G.S. and Sazanov, L.A. (2013) 
Crystal structure of the entire respiratory connplex I. Nature 494, 443-448 

2 Hunte, C, Zickermann, V. and Brandt, U. (2010) Functional nnodules and 
structural basis of confornnational coupling in nnitochondrial complex I. 
Science 329, 448-451 

3 Brandt, U. (2011) A two-state stabilization-change nnechanisnn for 
proton-pumping complex I. Biochim. Biophys. Acta 1807, 1364-1369 

4 Vinogradov, A.D. (1998) Catalytic properties of the mitochondrial 
NADH-ubiguinone oxidoreductase (Complex I) and the pseudo-reversible 
active/inactive enzyme transition. Biochim. Biophys. Acta 1364, 
169-185 

5 Maklashina, E., Kotlyar, A.B. and Cecchini, G. (2003) Active/de-active 
transition of respiratory complex I in bacteria, fungi, and animals. 
Biochim. Biophys. Acta 1606, 95-103 

6 Kalashnikov, D.S., Grivennikova, V.G. and Vinogradov, A.D. (2011) 
Synergetic inhibition of the brain mitochondrial NADH:ubiguinone 
oxidoreductase (complex I) by fatty acids and Ca^+ . Biochemistry 
(Moscow) 76, 968-975 

7 Kotlyar, AB., Sled, V.D. and Vinogradov, AD. (1992) Effect of Ca2+ ions 
on the slow active/inactive transition of the mitochondrial 
NADH-ubiguinone reductase. Biochim. Biophys. Acta 1098, 144-150 

8 Minakami, S., Schindler, F.J. and Estabrook, R.W. (1964) Hydrogen 
transfer between reduced diphosphopyridine nucleotide dehydrogenase 
and the respiratory chain. I. Effect of sulfhydryl inhibitors and 
phospholipase. J. Biol. Chem. 239, 2042-2048 

9 Estabrook, R.W., Tyler, D.D., Gonze,J. and Peterson, J.A. (1968) 
Anomalous reaction of particulate bound of DPNH dehydrogenase with 
sulfhydryl reagents. In Flavins and Flavoproteins (Yagi, K., ed.), pp. 
268-279, University of Tokyo Press, Tokyo 

10 Kotlyar, A.B. and Vinogradov, A.D. (1990) Slow active/inactive transition 
of the mitochondrial NADH-ubiguinone reductase. Biochim. Biophys. 
Acta 1019, 151-158 

11 Gavrikova, E.V. and Vinogradov, A.D. (1999) Active/de-active state 
transition of the mitochondrial complex I as revealed by specific 
sulfhydryl group labeling. FEBS Lett. 455, 36-40 

12 Galkin, A., Meyer, B., Wittig, I., Karas, M., Schagger, H., Vinogradov, A. 
and Brandt, U. (2008) Identification of the mitochondrial ND3 subunit as 
a structural component involved in the active/deactive enzyme 
transition of respiratory complex I.J. Biol. Chem. 283, 20907-20913 

13 Gostimskaya, I.S., Cecchini, G. and Vinogradov, A.D. (2006) Topography 
and chemical reactivity of the active-inactive transition-sensitive 
SH-group in the mitochondrial NADH:ubiguinone oxidoreductase 
(Complex I). Biochim. Biophys. Acta 1757, 1155-1161 

14 Werner, K.G., Morel, C.F., Kirton, A., Benseler, S.M., Shoffner, J.M., Addis, 
J.B., Robinson, B.H., Burrowes, D.M., Blaser, S.I., Epstein, E.G. and 
Feigenbaum, A.S. (2009) Rolandic mitochondrial encephalomyelopathy 
and MT-ND3 mutations. Pediatr. Neurol. 41, 27-33 



©2014The Author(s) 

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.0rg/licenses/by/3.O/) 
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 



1330 



Biochemical Society Transactions (2013) Volume 41, part 5 



15 Sarzi, E., Brown, M.D., Lebon, S., Chretien, D., Munnich, A., Rotig, A. and 
Procaccio, V. (2007) A novel recurrent mitochondrial DNA mutation in 
ND3 gene is associated with isolated complex I deficiency causing Leigh 
syndrome and dystonia. Am. J. Med. Genet., Part A 143, 33-41 

16 Nesbitt, V., Morrison, P.J., Crushell, E., Donnelly, D.E., Alston, C.L., He, L., 
McFarland, R. and Taylor, R.W. (2012) The clinical spectrum of the 
m.10191T>C mutation in complex l-deficient Leigh syndrome. Dev. 
Med. Child Neurol. 54, 500-506 

17 Grivennikova, V.G., Kapustin, A.N. and Vinogradov, A.D. (2001) Catalytic 
activity of NADH-ubiquinone oxidoreductase (complex I) in intact 
mitochondria: evidence for the slow active/inactive transition. J. Biol. 
Chem. 276, 9038-9044 

18 Gorenkova, N., Robinson, E., Grieve, D. and Galkin, A. (2013) 
Conformational change of mitochondrial complex I increases ROS 
sensitivity during ischaemia. Antioxid. Redox Signaling, 
doi:10.1089/ars.2012.4698 

19 Ushakova, A.V., Duarte, M., Vinogradov, A.D. and Videira, A. (2005) The 
29.9 kDa subunit of mitochondrial complex I is involved in the enzyme 
active/de-active transitions. J. Mol. Biol. 351, 327-333 

20 Ciano, M., Fuszard, M., Heide, H., Botting, C.H. and Galkin, A. (2013) 
Conformation-specific crosslinking of mitochondrial complex I. FEBS Lett. 
587, 867-872 

21 Abdrakhmanova, A., 7wicker, K., Kerscher, S., Zickermann, V. and Brandt, 
U. (2006) Tight binding of NADPH to the 39-kDa subunit of complex I is 
not required for catalytic activity but stabilizes the multiprotein complex. 
Biochim. Biophys. Acta 1757, 1676-1682 

22 Schulte, U., Haupt, V., Abelmann, A., Eecke, W., Brors, B., Rasmussen, T., 
Friedrich, T. and Weiss, H. (1999) A reductase/isomerase subunit of 
mitochondrial NADH:ubiquinone oxidoreductase (complex I) carries an 
NADPH and is involved in the biogenesis of the complex. J. Mol. Biol. 
292, 569-580 

23 Hirst,]., Carroll,]., Fearnley, I.M., Shannon, R.J. and Walker, J. E. (2003) 
The nuclear encoded subunits of complex I from bovine heart 
mitochondria. Biochim. Biophys. Acta 1604, 135-150 

24 Sazanov, L.A., Peak-Chew, S.Y., Feamley, I.M. and Walker, J. E. (2000) 
Resolution of the membrane domain of bovine complex I into 
subcomplexes: implications for the structural organization of the 
enzyme. Biochemistry 39, 7229-7235 

25 Di Bernardo, S. and Yagi, T. (2001) Direct interaction between a 
membrane domain subunit and a connector subunit in the 

H + -translocating NADH-quinone oxidoreductase. FEBS Lett. 508, 
385-388 

26 Grivennikova, V.G. and Vinogradov, A.D. (2006) Generation of superoxide 
by the mitochondrial Complex I. Biochim. Biophys. Acta 1757, 553-561 

27 Lummis, S.C., Beene, D.L, Lee, L.W., Lester, H.A., Broadhurst, R.W. and 
Dougherty, D.A. (2005) Cis-trans isomerization at a proline opens the 
pore of a neurotransmitter-gated ion channel. Nature 438, 248-252 

28 Mallis, R.J., Brazin, K.N., Fulton, D.B. and Andreotti, A.H. (2002) Structural 
characterization of a proline-driven conformational switch within the Itk 
SH2 domain. Nat. Struct. Biol. 9, 900-905 

29 Andreotti, A.H. (2003) Native state proline isomerization: an intrinsic 
molecular switch. Biochemistry 42, 9515-9524 

30 Li, B., Chauvin, C, De Paulis, D., De Oliveira, F., Gharib, A., Vial, G., 
Lablanche, S., Leverve, X., Bernardi, P., Ovize, M. and Fontaine, E. (2012) 
Inhibition of complex I regulates the mitochondrial permeability 
transition through a phosphate-sensitive inhibitory site masked by 
cyclophilin D. Biochim. Biophys. Acta 1817, 1628-1634 

31 Moncada, S. and Erusalimsky, J.D. (2002) Does nitric oxide modulate 
mitochondrial energy generation and apoptosis? Nat. Rev. Mol. Cell Biol. 
3, 214-220 

32 Maklashina, E., Kotlyar, A.B., Karliner, J.S. and Cecchini, G. (2004) Effect 
of oxygen on activation state of complex I and lack of oxaloacetate 
inhibition of complex II in Langendorff perfused rat heart. FEBS Lett. 556, 
64-68 

33 Maklashina, E.O., Sled', V.D. and Vinogradov, A.D. (1994) [Hysteresis 
behavior of complex I from bovine heart mitochondria: kinetic and 
thermodynamic parameters of retarded reverse transition from the 
inactive to active state]. Biokhimiya (Moscow) 59, 946-957 

34 Galkin, A.S., Grivennikova, V.G. and Vinogradov, A.D. (2001) H + /2e- 
stoichiometry of the NADH:ubiquinone reductase reaction catalyzed by 
submitochondrial particles. Biochemistry (Moscow) 66, 435-443 



35 Roberts, P.G. and Hirst, J. (2012) The deactive form of respiratory 
complex I from mammalian mitochondria is a Na + /H+ antiporter. J. 
Biol. Chem. 287, 34743-34751 

36 Murphy, E. and Eisner, D.A. (2009) Regulation of intracellular and 
mitochondrial sodium in health and disease. Circ. Res. 104, 292-303 

37 Aldakkak, M., Stowe, D.F., Heisner, J.S., Spence, M. and Camara, A.K. 

(2008) Enhanced Na + /H+ exchange during ischemia and reperfusion 
impairs mitochondrial bioenergetics and myocardial function.]. 
Cardiovasc. Pharmacol. 52, 236-244 

38 Teshima, Y., Akao, M., Jones, S.P. and Marban, E. (2003) Cariporide 
(H0E642), a selective Na + -H+ exchange inhibitor, inhibits the 
mitochondrial death pathway. Circulation 108, 2275-2281 

39 Yamamoto, S., Matsui, K. and Ohashi, N. (2002) Protective effect of 
Na + /H+ exchange inhibitor, SM-20550, on impaired mitochondrial 
respiratory function and mitochondrial Ca^+ overload in 
ischemic/reperfused rat hearts.]. Cardiovasc. Pharmacol. 39, 569-575 

40 Wolkowicz, P.E., Michael, L.H., Lewis, P.M. and Millin-Wood, J. (1983) 
Sodium-calcium exchange in dog heart mitochondria: effects of ischemia 
and verapamil. Am. J. Physiol. 244, H644-H651 

41 Chen, Q., Moghaddas, S., Hoppel, C.L. and Lesnefsky, E.J. (2006) 
Reversible blockade of electron transport during ischemia protects 
mitochondria and decreases myocardial injury following reperfusion. J. 
Pharmacol. Exp. Ther. 319, 1405-1412 

42 Lesnefsky, E.J., He, D., Moghaddas, S. and Hoppel, C.L. (2006) Reversal of 
mitochondrial defects before ischemia protects the aged heart. FASEBJ. 
20, 1543-1545 

43 Galkin, A., Abramov, A.Y., Frakich, N., Duchen, M.R. and Moncada, S. 

(2009) Lack of oxygen deactivates mitochondrial complex L implications 
for ischemic injury?J. Biol. Chem. 284, 36055-36061 

44 Kudin, A., Vielhaber, S., Elger, C.E. and Kunz, W.S. (2002) Differences in 
flux control and reserve capacity of cytochrome c oxidase (COX) in 
human skeletal muscle and brain suggest different metabolic effects of 
mild COX deficiencies. Mol. Biol. Rep. 29, 89-92 

45 Palacios-Callender, M., Hollis, V., Frakich, N., Mateo, J. and Moncada, S. 
(2007) Cytochrome c oxidase maintains mitochondrial respiration during 
partial inhibition by nitric oxide. J. Cell Sci. 120, 160-165 

46 Gnaiger, E., Lassnig, B., Kuznetsov, A., Rieger, G. and Margreiter, R. 
(1998) Mitochondrial oxygen affinity, respiratory flux control and excess 
capacity of cytochrome c oxidase. J. Exp. Biol. 201, 1129-1139 

47 Vinogradov, A.D. and Grivennikova, V.G. (2001) The mitochondrial 
complex I: progress in understanding of catalytic properties. lUBMB Life 
52, 129-134 

48 Galkin, A. and Moncada, S. (2007) S-nitrosation of mitochondrial 
complex I depends on its structural conformation. J. Biol. Chem. 282, 
37448-37453 

49 Chouchani, E., Methner, C, Nadtochiy, S., Logan, A., Pell, V., Ding, S., 
James, A.M., Cocheme, H., Reinhold, J., Lilley, K. et al. (2013) 
Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial 
complex I. Nat. Med. 19, 753-759 

50 Hess, D.T., Matsumoto, A., Kim, S.O., Marshall, H.E. and Stamler,J.S. 
(2005) Protein S-nitrosylation: purview and parameters. Nat. Rev. Mol. 
Cell Biol. 6, 150-166 

51 Genova, M.L., Castelluccio, C, Fato, P., Parenti Castelli, G., Merlo Rich, M., 
Formiggini, G., Bovina, C, Marchetti, M. and Lenaz, G. (1995) Major 
changes in Complex I activity in mitochondria from aged rats may not be 
detected by direct assay of NADH: coenzyme Q reductase. Biochem. J. 
311, 105-109 

52 Kuznetsov, A.V., Winkler, K., Kirches, E., Lins, H., Feistner, H. and Kunz, 
W.S. (1997) Application of inhibitor titrations for the detection of 
oxidative phosphorylation defects in saponin-skinned muscle fibers of 
patients with mitochondrial diseases. Biochim. Biophys. Acta 1360, 
142-150 

53 Ventura, B., Genova, M.L., Bovina, C, Formiggini, G. and Lenaz, G. (2002) 
Control of oxidative phosphorylation by Complex I in rat liver 
mitochondria: implications for aging. Biochim. Biophys. Acta 1553, 
249-260 



Received 3 June 2013 
doi:10.1042/BST20130088 



©2014The Author(s) 



The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.Org/licenses/by/3.0/) 
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 



